ABSTRACT This paper presents a dynamic phasor-based model for three-level front-end VIENNA rectifiers. The proposed model comprehensively predicts the behavior of the ac-and dc-side variables of the rectifier on which the issue of neutral point (NP) voltage is studied. The nonzero NP current causes an imbalance of dc-link voltages and the occurrence of low-frequency ripples (LFRs). By employing the offset voltage injection method, a mathematical relationship is derived between the NP current and the dominant components of the injected offset voltage. A distribution parameter is introduced to optimize the dc-link voltages balance and LFRs reduction. A modified one-cycle control (OCC) combined with offset voltage injection is proposed, and the closed-loop voltage regulator is analyzed. The modified OCC scheme proposed in this paper is capable of balancing the dc-link voltages and eliminating the LFRs. It also provides good performance both in transient and steady states. The proposed approach is verified by simulations in MATLAB/Simulink and experimental results.
I. INTRODUCTION
The three-phase/three-level non-regenerative VIENNA rectifier, originally introduced by J. Kolar [1] , is a distinct topology type among grid-connecting front-end pulse width modulation (PWM) rectifiers. It offers remarkable performance in offering unity power factor (PF) and low input current total harmonic distortion (THD). In addition, it provides considerable efficiency advantages with a smaller number of switching devices and a reduced size of boost inductors. The VIENNA rectifier is considered to be a suitable and cost-effective solution that meets the requirement of high power quality and power density applications, such as tele-communication devices, Uninterruptible Power System (UPS), power supplies, and aeronautics [2] - [5] .
Mastering the converter dynamic characteristics may achieve good ac-side performance and dc-link voltage regulation. An accurate mathematical model facilitates the necessary learning of the converter operating both under steady state and disturbed conditions [6] - [8] . The dynamic phasor modeling technique is introduced to represent a power electronic system with time-varying Fourier coefficients [9] . It preserves the low-frequency dynamic characteristics of the system while neglecting the high-frequency switching transient dynamics. Hence it can provide a good trade-off between accuracy and implementation simplicity. The dynamic phasor can be simply generalized to take account for high-frequency harmonic components, if needed. It has been widely applied in resonant dc-dc converters, poly-phase ac machines, distributed generations and HVDC systems [10] - [13] .
Among the control techniques investigated for VIENNA rectifiers in recent years, the one-cycle control (OCC) method exhibits unique advantages such as simplicity and robustness. It eliminates the requirements of grid voltage sensors or multipliers [14] , which contributes to improving the dynamic performance of the controller and leads to reduced design costs. The OCC method has been successfully employed in medium-and high-power applications such as three-level converters, power factor correctors (PFC) and active power filters (APF) [15] - [17] . The adoption of the digital controller yields further benefits of high efficiency and design flexibility, which extends to applications in more diverse operating conditions [18] - [20] .
The issue of neutral point (NP) voltage, mainly including the imbalanced dc-link voltages and low frequency ripples (LFRs), is a promising topic for three-level converters.
This issue arises from unequal voltage distribution through dc-link capacitors caused by periodic nonzero current injection into the NP of dc-link. It results in mismatched voltage stresses on switching devices and consequently results in LFRs in the NP voltage. Different approaches, generally classified into hardware and software types, have been extensively studied in the literature. The hardware solutions provide independent dc sources to maintain balance or introduce other auxiliary circuits to compensate for the current injection into the NP [21] , [22] . These methods apparently increase the implementation cost and complexity of the system. The software solutions modify the PWM switching patterns according to the closed-loop control scheme of the dc-link voltages, which essentially overcome the drawbacks of the hardware approaches. Several carrier-based PWM (CBPWM) and space vector PWM (SVPWM) modulation strategies have been proposed to balance the dc-link voltages and eliminate LFRs [23] - [30] . In SVPWM, the balance of the dc-link voltages is normally obtained by adjusting the dwell-time of the redundant vectors [23] - [25] . The modulation strategy described in [25] solves the balancing problem by replacing the small vectors with other vectors. A strong balancing ability can be acquired by sacrificing the increased output current THD and added switching losses. The idea of injecting the zero sequence voltage into the reference voltages is presented in [26] - [28] , which can be applied to both CBPWM and SVPWM based on the common features for the modulation strategies [26] . However, the zero-sequence calculations and other processing procedures are complex due to the nonlinearity relationship between NP current and the zero-sequence voltage, which subsequently leads to cumbersome implementation in practice [27] , [28] . In [29] , the author modifies the regulator by adding a continuous offset voltage as a variable of the NP voltage information, i.e., the averaged value, the peak-to-peak amplitude and the 3rd harmonic content. The regulator improves the performance of the converter in terms of NP voltage balancing. Research of mitigating LFRs is detailed in [30] , where an alternative approach to the nearest three-vector SVPWM (NTV-SVPWM) is proposed. In addition, the balance of dc-link voltages is also guaranteed through simple digital implementation. This paper proposes a dynamic phasor-based model of the VIENNA rectifier, based on which a modified OCC scheme with offset voltage injection is introduced and validated both by simulation and experimental results. The paper is organized as follows. In Section II, the topology and operating principles of the VIENNA rectifier are briefly presented. A comprehensive model is proposed based on the dynamic phasor modeling technique. According to the proposed model, the issue of NP voltage is analyzed by taking into consideration the offset voltage injection. The nonzero NP current causes the imbalance of dc-link voltages and the occurrence of LFRs under some operating conditions. A mathematical relationship is derived between the NP current and the dominant components of the injected offset voltage, i.e., the dc term and the 3rd harmonic component. A parameter is defined to distribute the two dominant components; therefore, the LFRs can be reduced without deteriorating the balance condition for dc-link voltages. In Section III, a modified OCC scheme with offset voltage injection is proposed, where the offset voltage is calculated based on the analysis in Section II. A closed-loop regulator of dc-link voltages is presented, and the transfer functions of the system are given. The modified OCC scheme is verified by simulation and experimental results in Section IV.
II. DYNAMIC PHASOR MODEL AND NEUTRAL POINT VOLTAGE ANALYSIS A. TOPOLOGY AND OPERATION PRINCIPLES
The circuit topology of the VIENNA rectifier is shown in Fig. 1 . V A , V B , and V C are the input source voltages. L is the input boost inductor, and r represents the power losses of the circuit. S A , S B , S C are bidirectional switches, which are implemented using two diodes and two IGBTs. D fpX and D fnX (X=A, B, and C) are freewheeling diodes. The NP is connected to capacitors C 1 and C 2 , and the output voltage V dc is split into V dc1 and V dc2 . When the rectifier operates in the continuous conduction mode (CCM), the averaged equations of the input stage are shown in (1) , where V NO is the voltage between the NP of the dc-link and the NP of the main input voltages. The voltages V AN , V BN , and V CN represent the voltages across the bidirectional switches S A , S B , and S C , respectively. Due to the particular operation principles of the VIENNA rectifier, the input currents commutate with switching frequency through the freewheeling diodes. The voltages V AN , V BN , and V CN can either be clamped to the NP voltage when the corresponding semiconductor is closed, or switch between V dc1 and V dc2 according to the direction of the input current when the corresponding semiconductor is on [31] , as shown in (2)
where
and d C are the averaged duty cycles of each phase, and sgn (.) is the sign function defined in (3) sgn (x) = 1,
An alternative definition D X (X=A, B, and C) is introduced as follows
Substituting (2), (3), (4) into (1), the following can be derived
For the dc-link stage, the averaged equation within each cycle is given by
The averaged performance of the VIENNA rectifier operating in CCM is described by (5) and (6), based on which the dynamic phasor method of the VIENNA rectifier is introduced in the following sections.
B. DYNAMIC PHASOR METHOD
The dynamic phasor, which is also called generalized averaging method, provides the capability of both large-signal and small-signal modeling for power converters. It introduces the complex Fourier series to express an arbitrary periodic variable
where ω = 2π/T , and x n (t) is the coefficient of the nth harmonic which is given by
A larger n represents a better approximation to the original variable x(t). However, the first two orders are only considered, i.e., n = 0 and n = +1/−1, for simplicity of modeling in most practical cases. The two primary characteristics of the derivative and variable products are expressed as [32] 
The original individual variable can be analyzed, based on (9) , to obtain its derivatives and products with other variables. In the following section, the circuit modeling and neutral point voltage imbalance analysis of the VIENNA rectifier are introduced by applying the dynamic phasor method.
C. DYNAMIC PHASOR-BASED MODEL OF THE VIENNA RECTIFIER
After adding an offset voltage, the actual alternative duty ratios of each phase are given by (10) where m is the modulation index and D offset is the injected duty ratio. According to dynamic phasor theory, it is reasonable to represent the actual D X by its fundamental component and the injected duty ratio. Meanwhile, consider n = ±1 for input current i x while neglecting other high frequency components. The original variables, taking phase A as an example, can be expressed as
D A 1 and i A 1 can be written as
where x 1 /x 3 and x 2 /x 4 are the real and imaginary parts of D A 1 and i A 1 , respectively. Considering n = 1 for (5), knowing the terms x 1 and x −1 are conjugated, the ac-side dynamic equation of phase A is written as
According to (2) and (4), we get
Due to the symmetry of the system and considering (1) and (2), we have
Taking n = 1 in both sides of (15), V NO 1 can be obtained
We substitute (9), (14), (15) and (16) into (13), and separate the complex term into its real and imaginary parts
where Re { V A 1 } and Im { V A 1 } are the real and imaginary parts, respectively, of V A 1 . From the symmetry of the system and the definition of dynamic phasor, V V V B 1 = V V V A 1 · e −jπ2 / 3 and V V V C 1 = V V V A 1 · e −jπ4 / 3 can be obtained, where V V V denotes the variables of the circuit, i.e., input source voltage, input current and duty-radio. The ac-side equations of phase B and C can be calculated and proven to be the same as those of phase A, therefore the calculations are not shown for simplicity. According to the topology of the VIENNA rectifier, the input currents commutate with switching frequency between the switches S X and the freewheeling diodes. The currents through the freewheeling diodes, namely i pX and i nX , are given by
After substituting (4) into (18), the relationship between the dc-link current of single phase and the input current is represented as
The voltages across the output capacitors can then be derived using (6) and (19) 
By taking n = 0 for both sides of (20) and substituting (10), (11) , and (12), the total voltage of the dc-link can be derived as
In addition to the dc term, the dominant harmonic component of the NP current is three times the input source fundamental frequency [27] . Considering n = 0, ±3 in both sides of (21), the voltage difference between the dc-link capacitors can be calculated as
Equation (17), (22) and (23) describe the dynamic characteristics of the ac-and dc-side for the VIENNA rectifier. In particular, (23) shows that the voltage balance condition could not be maintained without the NP current being equal to zero over a specific period of time. It also indicates that the dominant harmonic components of the NP current are related to the modified duty ratio and the input current. An approach for calculating the offset duty radio is presented in next section.
D. NEUTRAL POINT CURRENT ANALYSIS
As mentioned above, the NP current is represented by its dc component plus the 3rd harmonic component
The dc component of the NP current causes imbalance of the dc-link voltages, and the 3rd harmonic component leads to the appearance of LFRs.
According to dynamic phasor theory, the offset duty radio is considered to contain a dc term and other sinusoidal modulation components oscillating at some angular frequencies. To balance the dc-link voltages and reduce the LFRs, the offset duty radio is represented only by its dc term plus a 3rd harmonic component, namely, D 0 and D 3 respectively. Consequently, the NP current primarily responds to these frequency components.
The dynamic performance of the NP voltage depends on these two properly regulated components of the offset duty ratio. According to (12) , (23) , (24) and (25) , the maximum value of D 3 can be calculated as
where ϕ = arctan
. Then, the dc term of the NP current can be derived by substituting (12) and (26) into the first equation of (23) (27) where I M is the amplitude of the input currents and θ is the power factor angle defined as
In general, D 0 is processed as the difference between the dc-link voltages through a proportional controller or proportional integral controller, and D 3 can be calculated using the original duty ratios. Nevertheless, the calculation method in (26) is motivated by the sole objective of reducing the LFRs, and equation (23) and (27) indicate that D 3 will lead to a drift in the dc component of the NP current from zero, which VOLUME 5, 2017 consequently deteriorates the balance condition of the dc-link voltages. To optimize the voltage balance and the ability to reduce LFRs, a parameter k is introduced to distribute the two parts of the offset duty ratio
The complete dynamic equations of the NP voltage can be derived using (23)- (29) d
An integral relationship between the NP voltage and the dominant components of the offset duty ratio is established in (30) . The distribution parameter k guarantees that the LFRs can be reduced without deteriorating the balance condition of the dc-link voltages. A closed-loop regulator based on the relationship, combined with the OCC technique, is proposed in the next section.
III. PROPOSED OCC SCHEME A. CONVENTIONAL OCC METHOD
The control principle of OCC is to force the input current to be proportional to the source voltage, with an emulated resistive input impedance, in order to guarantee that the rectifier operates in unity power factor mode. The control goal of the three-phase OCC-based VIENNA rectifier is described in [33] 
where v A , v B , and v C are the source voltages, i A , i B , and i C are the input currents, and R e represents the emulated input resistance.
The key control equation of the OCC is given by
where v m is the output of the voltage regulator, d A , d B and d C are the duty ratios of the three phase switches, and R s is the equivalent sensing resistance of the input currents. The control scheme can be easily realized using analog control circuits due to their simplicity and continuity. However, non-ideal devices will cause the converter to become unstable in high power density applications or under other specific operating conditions. The utilization of digital controller is a notable trend in power electronics and provides considerable advantages, such as design flexibility and noise immunity. A digitally-controlled OCC for a six-switch VIENNA rectifier is shown in Fig. 2 , where a single phase is depicted as an example. The control structure consists of a voltage compensator and OCC core. In the voltage compensator, the error between the reference voltage and sensed dc-link voltage is regulated through a PI controller. The output signal V m , which represents the power level of the load stage, is considered as the input of the OCC core. In the OCC core, a carrier generator is applied to synthesize two unipolar triangular waveforms with an amplitude of V m , which in principle represents the integral and reset progress of the conventional OCC method. Two PWM signals are then generated by comparing the sampled input current and the carrier waveforms. Note that a duty cycle of 100 % is generated for PWMX1 in the negative half cycle of the input current, which means that the upper switch is permanently on during that period of time. The lower switch follows the same rule in the positive half cycle of the input current. Therefore, switching losses can be reduced according to the strategy for six-switch VIENNA rectifiers. B. PROPOSED OCC SCHEME Fig. 3 shows the block diagram of the proposed OCC method. The sensed input currents are first normalized by the output of the dc-link voltage compensator, namely V m , as shown in ''Offset Calculator'' block and injected into the normalized input currents. For the ''Carrier Generator'' block, two carriers with fixed magnitude are required to be compared with new current signals and generate the switching signals for the six IGBTs of the VIENNA rectifier. The proposed OCC method consumes less computing time than the conventional OCC and can be implemented using simple digital signal controllers.
C. NP VOLTAGE REGULATOR Fig. 4 shows a detailed diagram of the closed-loop NP voltage regulator. According to the aforementioned analysis, the difference between the reference and actual imbalance of the NP voltage is processed using a proportional controller to generate the dc term of the injected offset duty ratio. The total injected duty ratio is obtained by adding the dc term and 3rd harmonic term, with a parameter k to distribute these two contents as described by (29) in order to balance the NP voltage and decrease the LFRs. The relationship between the NP voltage and offset duty ratio shown in (30) is realized by an integrator. The gain of the integrator is decided by the total injected duty ratio and other specific parameters, i.e., the amplitude of the input current and the dc-link capacitor value. Note that the calculation of D 3max is simplified due to the input current normalization as shown in Fig. 4 . In addition, the VIENNA rectifier can operate in unity power factor mode owing to the inherent mechanism of the OCC scheme, which leads to cosθ = 1 in (30) for simplicity. The closed-loop transfer function between the actual voltage imbalance and reference voltage is derived as
A first-order system is established in (34), for which the gain depends on the circuit parameters when the rectifier operates in steady state. The proportional controller gain, i.e., K p , and the system bandwidth can be easily designed when the distributed parameter k is chosen.
As shown in Fig. 4 , the injection of a 3rd harmonic duty ratio is considered as a perturbation to the system with the amplitude controlled by parameter k. The closedloop transfer function between the voltage imbalance and 3rd harmonic-duty ratio is given by The dynamic characteristic of the corresponding injection can be captured with properly chosen values for K p and k. Meanwhile, K p is designed to guarantee that the regulator possesses a good response ability. The distributed parameter k reflects the perturbation effect of the 3rd harmonic duty ratio injection to the system. It also plays an important role in reducing the LFRs without deteriorating the balance condition of the dc-link voltages.
IV. SIMULATION AND EXPERIMENTAL RESULTS

A. SIMULATION RESULTS
Simulations have been built on MATLAB/Simulink to verify the modified OCC method under a wide variety of operating conditions. The specific simulation parameters are shown in Table 1 .
Comparisons of the dc-link voltages, the input current and the NP voltage between the conventional and modified OCC are shown in Fig. 5 . An obvious imbalance occurs in the dc-link voltages with the conventional OCC. The NP voltage dominantly contains a 3rd harmonic component, and a small drift from zero can be observed. When the modified OCC is introduced, the voltage balance condition is realized, and the amplitude of the LFRs is enormously reduced. On the other hand, the application of the modified OCC leads to a slight increase (less than 1%) in the input currents. Fig. 6 illustrates the ability of voltage balance and LFRs reduction with different values of the parameter k. After applying the modified OCC, the amplitude of the voltage imbalance and LFRs are normalized with that of the conventional OCC. As shown in Fig. 6 , the amplitude of the LFRs does not decrease with an increase in the parameter k, as expected. The ability of LFRs reduction becomes even worse when k exceeds 0.35. Meanwhile, the voltage balancing condition is deteriorated by increasing k. In conclusion, the parameter k should be chosen considering the trade-off between voltage balance and LFRs reduction.
The balance recovery transient is shown in Fig. 7 . The rectifier initially operates with conventional OCC until the modified OCC is enabled at 0.2 s. The dc-link voltages converge to the same value with an approximate transient time of 5 ms.
The imbalanced load condition is emulated in Fig. 8 and Fig. 9 . For the conventional OCC, the dc-link voltages are severely imbalanced and the input current is distorted when R 1 = 20 and R 2 = 30 . As shown in Fig. 9 , the modified VOLUME 5, 2017 OCC reestablishes voltage balance within 30 ms, and the LFRs is also reduced to a satisfactory level.
A similar situation occurs when different dc-link capacitors are applied (C 1 = 1500 µF and C 2 = 2500 µF) as depicted in Fig. 10 . The voltage imbalance is approximately 20 V, which is much smaller than that for the imbalanced load condition. The input current is also distorted and asymmetric. Fig. 11 shows that it will take approximately 5 ms for the dc-link voltages to recover balance, after the modified OCC is introduced at 0.2 s. In addition, the distortion of the input current is reduced, and the asymmetry is eliminated. Fig. 12 exhibits the transient performance of the modified OCC under 20% load step-up and step-down conditions. It is shown that the dc-link voltages are restored within 100 ms and that the equilibrium is well maintained.
B. EXPERIMENTAL RESULTS
A hardware platform for the VIENNA rectifier is developed in the laboratory for experimental verification. The rectifier uses Infineon F3L50R06W1E3_B11 as the IGBT device for its high efficiency and integration level. It is composed of four IGBTs and originally designed for a three-level neutralpoint-clamped (NPC) converter. In this study, the driving pins of the top and bottom IGBTs are blocked. Consequently, the antiparallel diodes of these two IGBTs are utilized as the freewheeling diodes for the six-switch VIENNA rectifier. Electrolytic capacitors are mounted on the circuit board and act as the dc-link capacitors. The control algorithm has been implemented by TI TMS320F28335 Digital Signal Processor (DSP) and Altera CycloneIII series EP3C16Q240 Field Programmable Gate Array (FPGA). The detailed experimental parameters are listed in Table 2 , and the experimental results are shown in Figs. 13 to 17 . Fig. 13 shows the dc-link voltages and input current with conventional OCC and modified OCC. When applying the conventional OCC, the dc-link voltages present an imbalance of 5 V, which accounts for approximately 5% of the total dc-bus voltage. An obvious presence of LFRs can be observed without an auxiliary control strategy. In contrast, the voltage difference disappears and the LFRs are reduced to almost zero after introducing the modified OCC. Note that the THD of the input current hardly deteriorates. Fig. 14 depicts the simulation results and the experimental measurements for voltage balance and LFRs reduction ability with different values of parameter k. The favorable match further reveals the influence of a 3rd duty ratio injection on the dc-link voltages. In practice, the optimized balance condition can be realized through an eclectic choice of the value of parameter k. After the modified OCC is enabled, the difference between the dc-link voltages decreases to zero within 10 ms, and the system rapidly reaches steady state.
The modified OCC is further tested for imbalanced load conditions. As shown in Fig. 16 (a) , V dc1 is approximately 20 V higher than V dc2 because different power values are applied in the resistors (P R1 = 145 W and P R2 = 95 W). The conventional OCC apparently does not solve the balance issue of dc-link voltages. Fig. 16 (b) shows the converging transient of the dc-link voltages when the modified OCC is enabled. In addition, the distortion of the input current is eliminated. The experimental waveforms are in close confirmation with the simulation results shown in Fig. 9 . Experimental results for 50% load step-up and step-down changes are shown in Fig. 17 (a) and Fig. 17 (b) , respectively. As seen in the figures, the dc-bus voltage restores within approximately 100 ms, and the balance condition is not affected. The parameter settings satisfy the guidelines of the aforementioned close-looped regulator in Section III. It is proven that the modified OCC possesses good dynamic performance in terms of resisting external disturbances.
V. CONCLUSIONS
In this paper, a comprehensive model for the three-level front-end VIENNA rectifier was presented based on the dynamic phasor modeling technique. It preserves the low-frequency dynamic characteristics while neglecting the high-frequency switching transient dynamics of the system. Therefore, the behaviors of both ac-and dc-variables can be well predicted. According to the dynamic phasorbased model, the NP voltage issue of the VIENNA rectifier was studied. The imbalance of the dc-link voltages and the occurrence of LFRs are caused by a nonzero NP current. By employing the offset voltage injection method, a mathematical relationship was derived between the NP current and the dominant components of the injected offset voltage, i.e., the dc term and the 3rd harmonic component. A distribution parameter k was introduced to optimize the voltage balance and LFRs reduction. A modified OCC scheme including offset voltage injection was proposed, and the closed-loop voltage regulator was analyzed. The modified OCC proposed in this paper can balance the dc-link voltages and eliminate the LFRs. It also provides good performance both in transient and steady states. Simulation and experimental results verified the theoretical analysis and capability of the proposed OCC scheme.
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